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Filamentous bacteria produce aerial structures to
allow spores to be dispersed. A new class of
secreted, surface-active proteins called chaplins has
been identified in Streptomyces coelicolor. Chaplins
form unusual amyloid-like fibrils and act coopera-
tively to bring about aerial development.
To grow into the air, filamentous micro-organisms must
form hydrophobic filaments that can break surface
tension and project into the atmosphere, where they
differentiate into spores or fruiting bodies. Two groups
of organisms, the fungi and the filamentous bacteria,
have independently evolved the ability to form aerial
structures and recent investigations in Streptomyces
coelicolor [1,2] have demonstrated that remarkable par-
allels exist in the underlying molecular biology of aerial
development in fungi and bacteria.
Filamentous fungi grow into the air with the aid of
surface-active low molecular weight proteins called
hydrophobins [3,4]. Hydrophobins are produced by
diverse members of the ascomycete and basidiomycete
fungi, and are probably ubiquitous in fungi that produce
aerial hyphae. There are often large gene families
encoding hydrophobins in pathogenic species, and
although the reasons why many distinct hydrophobins
are present in certain fungi is not yet clear, it does high-
light the necessity of these proteins for diverse aspects
of the fungal lifestyle [4].
Hydrophobins are small proteins of around 100
amino acids, characterized by eight cysteine residues
with characteristic spacing. They are secreted as
monomers and undergo a process called interfacial
self-assembly when they encounter the interface
between air and water, or a hydrophobic surface [4,5].
Interfacial self-assembly involves polymerisation of
hydrophobins into an amphipathic monolayer, in which
individual proteins are held together by hydrophobic
interactions (Figure 1). Hydrophobin aggregates cannot
be dispersed using detergents, making these proteins
difficult to isolate. Instead, extraction with concen-
trated trifluoroacetic acid (TFA) is used to disrupt the
hydrophobic interactions between hydrophobins,
releasing monomers [5]. 
The eight cysteine linkages in hydrophobins are
involved exclusively in intramolecular disulfide bonds
and are required for the structure of hydrophobin
monomers, rather than for the self-assembly process
[4,5]. Structural information for hydrophobins is still
far from complete, although preliminary studies
based on multi-dimensional NMR spectroscopy have
indicated that hydrophobins adopt a largely unstruc-
tured β-sheet conformation during self-assembly
[6,7], resembling the amyloid fibrils observed in mis-
folded proteins, such as those observed in prion
infections and Alzheimer’s disease [8]. Targeted
mutation of hydrophobin genes in fungi affects aerial
morphogenesis, the hydrophobicity of spores and
fruiting bodies, and the development of infection cells
in at least one pathogenic fungus [9,10]. 
In filamentous bacteria, the first protein found to be
involved in aerial development was the 18 amino acid
protein SapB of Streptomyces coelicolor, which under
certain culture conditions is essential for production of
aerial hyphae [11,12]. When this small peptide is sup-
plied exogenously to regulatory mutants that do not
form aerial filaments or synthesise SapB, it restores
aerial development [11]. The gene encoding SapB has
not been identified, however, in spite of the availability
of the entire S. coelicolor genome sequence and so it
may be that the protein is produced by non-ribosomal
protein synthesis. The dispensability of SapB for aerial
hyphae formation showed clearly that alternative mech-
anisms for making aerial filaments must exist in S. coeli-
color [12]. Subsequently, the rodlin proteins, encoded
by rdlA and rdlB, were identified [13] and found to be
required for formation of hydrophobic rodlets, in a
similar way to fungal hydrophobins. Rodlins are neces-
sary for filament adhesion but not, however, for erection
of aerial mycelium and so new investigations into the
genetic requirements for aerial filament formation have
been initiated.
The discovery of the ‘coelicolor hydrophobic aerial
proteins’, chaplins for short, indicates that a large and
quite diverse family of proteins act collectively to
bring about formation of aerial filaments. Chaplins
were discovered in two independent studies [1,2] that
are striking, not only for their results, but also
because of the almost perfect complementarity of
experimental approach adopted by each research
group. In one of the studies [2] BldN, a key regulator
of aerial development, was used to identify genes
expressed preferentially in aerial morphogenesis.
BldN is a regulatory sigma factor which is part of a
hierarchy of regulatory factors necessary for aerial fil-
aments to form (reviewed in [14]); bldN mutants fail to
undergo aerial morphogenesis, hence the term ‘bald’
mutant. Microarray analysis of a bldN mutant and an
isogenic wild-type strain was used to identify differ-
entially regulated genes.
A family of eight related genes was identified which
show increased expression during aerial development.
The region of similarity between these proteins was
named the chaplin domain and is very hydrophobic,
with 60–65% hydrophobic residues [1,2]. Three of the
chaplins, ChpA–C, are proteins of 210–230 residues and
contain two chaplin domains separated by a stretch of
about 35 amino acids. The second group of five chap-
lins, ChpD–H, range in size from 50–63 residues and
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contain a single chaplin domain. One striking feature is
the conservation of three GN motifs spaced 12–13
amino acids apart in chaplins, and structural predic-
tions indicate that chaplins are rich in β-sheets with the
GN motifs present at the turns between these β-sheet
domains [2].
Interestingly, the three longer chaplin proteins,
ChpA–C, appear to be substrates for the cell-wall
sorting enzyme sortase which is involved in incorpo-
rating proteins into the peptidoglycan cell walls of
bacteria [15]. Sortases are transpeptidases that
recognize the carboxy-terminal domain of target
proteins and cleave between the threonine and glycine
residue of a conserved motif (LPXTG). Covalent attach-
ment of the carboxyl terminus of the target protein to
the peptidoglycan cross-bridge is then catalysed [15].
ChpA–C are therefore covalently bound to the cell wall
and may facilitate the subsequent attachment of the
shorter chaplin proteins, although it was found that the
short chaplins can still attach to aerial filaments even
in mutants lacking the longer chaplins. 
The second study [1] identified the chaplins based on
their localisation to aerial filaments, using a proteomic
approach that was also guided by the biochemical
characteristics of the hydrophobins in fungi. Cell walls
of a S. coelicolor drdlAB mutant lacking both rodlin pro-
teins were extracted using the detergent SDS and then
treated with TFA to identify hydrophobic proteins.
These were identified as the five short chaplins ChpD–H
by MALDI-TOF mass spectroscopy — the covalent
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Figure 1. Models for the action of surface-
active proteins in aerial development of
filamentous fungi and bacteria.
(A) Filamentous fungi produce
hydrophobins which are secreted into the
medium as monomers and self-assemble
when they encounter an air-water interface
[4,5]. This reduces surface tension and
allows the fungus to erect aerial hyphae.
Continual secretion of hydrophobins coats
aerial surfaces with an amphipathic protein
monolayer decorated with rodlets. (B) In
the filamentous bacterium Streptomyces
coelicolor, submerged filaments secrete
ChpE and ChpH which reduce surface
tension as depicted in (C) [1,2]. This may
be aided in certain conditions by the sur-
factant protein SapB (not shown). (D) Aerial
filaments produce ChpA–H which link to
the cell wall covalently (ChpA–C), or by
association with the cell surface and other
chaplins. The chaplins form amyloid-like
fibrils. The rodlins, RdlA and RdlB, are also
secreted and form a rodlet layer that may
coat the chaplin fibrils [1]. (Models adapted
from [1,4].)
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attachment of ChpA–C precluded their extraction from
cell walls using TFA — and the corresponding genes
were identified and functionally characterised [1]. Tar-
geted gene replacement showed that strains lacking up
to six chaplins — ∆chpABCDEH — were almost com-
pletely devoid of aerial mycelium [1,2].
Chaplins extracted from filament cell walls were
also shown to be highly surface-active proteins that
fold into unstructured amyloid-like fibrils [1]. These
fibrils can be visualised by electron microscopy and
react with the amyloid-specific fluorescent dye
Thioflavine T [1]. This is significant, because it
highlights a convergent evolutionary outcome in both
filamentous bacteria and fungi, whereby proteins that
form biologically functional amyloids are used to
facilitate formation of aerial structures (Figure 1).
Amyloids are most often considered as an aberrant
departure from the normal functional activity of a
protein, caused by mis-folding [8]. The action of
chaplins and hydrophobins shows that morphogenetic
proteins have emerged that can harness this funda-
mental process, normally classified as protein mis-
folding, to produce novel surface-active molecules
that respond to environmental change. In Escherichia
coli, functional amyloids are also made in the form of
the curli proteins which are used for substrate attach-
ment and biofilm formation [16], indicating that bio-
logically active amyloids may be widespread among
surface-active proteins in micro-organisms.
The discovery of the chaplins raises a number of
new and intriguing questions. Why do chaplins exist in
large families, for example, and what is the minimal
requirement for aerial morphogenesis in Strepto-
myces? What is the precise role of SapB and how is its
synthesis co-ordinately regulated alongside the chap-
lins in normal aerial development? What is the precise
role of rodlins, given the apparent functional redun-
dancy with both SapB and the chaplins? And what, if
any, are the structural similarities with hydrophobins
and the mechanistic similarities in the process of
amyloid-mediated self-assembly?
The diversity of molecules required for aerial
development, and their complex regulation
[1,2,11,13,14], also highlight what remains to be
discovered in fungi. Hydrophobins are clearly only
part of the story of aerial development in fungi. The
requirement for hydrophobins in aerial growth of
fungi, for instance, is only based on the study of one
hydrophobin, Sc3, in a single basidiomycete fungus
Schizophyllum commune [17]; even here the
absence of a hydrophobin was required for aerial
development only under certain environmental con-
ditions [4,17]. Furthermore, alternative molecules
involved in facilitating aerial development do exist in
fungi, such as the repellents found in the pathogenic
fungus Ustilago maydis [18], but little is known about
their action or conservation among fungal species.
Carrying out the type of multi-disciplinary, genomic
studies reported recently from the Streptomyces
research community [1,2], is therefore likely to reveal
further surprises and interesting parallels in the
mechanisms by which fungi and bacteria grow into
the air. 
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